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Quantum	  Mechanics	  
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How	  to	  modify	  the	  Schrödinger	  
equa3on?	  

The	  no-‐faster-‐than-‐light	  condi1on	  heavily	  constraints	  the	  
possible	  ways	  to	  modify	  the	  Schrödinger	  equa3on.	  
	  

In	  par3cular,	  it	  requires	  that	  nonlinear	  terms	  must	  always	  be	  
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The	  dynamics	  (simplified)	  
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quantum	   collapse	  

The	  wave	  func3on	  is	  dynamically	  and	  stochas3cally	  driven	  by	  the	  noise	  Wt	  towards	  
one	  of	  the	  eigenstates	  of	  the	  operator	  A	  

 

This	  can	  be	  seen	  as	  a	  phenomenological	  equa3on,	  eventually	  to	  be	  derived	  from	  an	  
underlying	  theory	  
(S.L.	  Adler’s	  book	  on	  “Trace	  Dynamics”)	  



(Mass-‐propor3onal)	  CSL	  model	  
P. Pearle, Phys. Rev. A 39, 2277 (1989). G.C. Ghirardi, P. Pearle and A. Rimini, Phys. Rev. A 42, 78 (1990) 

Two parameters 

� = collapse strength rC = localization resolution
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The collapse rate	  

Γ = λn2N 

n = number of particles  

      within rC    

+ + 

Small superpositions Large superpositions 

Collapse NOT effective Collapse effective 

+ N = number of such  

      clusters    

⌧ rC � rC

Amplification 
mechanics 

 

Few particles 

no collapse 

quantum 
behavior 

 

Many particles 

Fast collapse 

classical 
behavior 



Experimental	  tests	  

The	  obvious	  way	  to	  test	  collapse	  models	  is	  with	  ma_er-‐
wave	  interferometry	  	  

Predic3on	  of	  quantum	  mechanics	  
(no	  environmental	  noise)	  

Predic3on	  of	  collapse	  models	  
(no	  environmental	  noise)	  



Atom	  Interferometry	  
T.	  Kovachy	  et	  al.,	  Nature	  528,	  530	  
(2015)	  	  

	  
M	  =	  87	  amu	  
d	  =	  0.54	  m	  
T	  =	  1	  s	  
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PERSPECTIVES

          I
n the movie Dances with Wolves, a lone 
wolf facilitates Lieutenant John Dunbar’s 
immersion into the complex culture of 

the Sioux Indians. This immersion required 
overcoming multiple cultural barriers. Ecol-
ogists and evolutionary biologists face an 
equally daunting challenge of understanding 
how environmental change affects ecological 
and evolutionary dynamics ( 1). Historically, 
researchers examined these impacts in isola-
tion. However, these dynamics can occur on 
similar time scales, resulting in a dynamic 
evolutionary-ecological feedback loop ( 2). 
Studying these feedbacks directly for long-
lived species is often thought to be imprac-
tical. On page 1275 of this issue, Coulson et 

al. ( 3) overcome this barrier using data from 
radio-collared gray wolves and state-of-the-
art mathematical models.

The 280 radio-collared wolves studied by 
Coulson et al. are direct descendants of 41 
gray wolves reintroduced into Yellowstone 
National Park between 1995 and 1997 ( 4). 
This reintroduction was part of a larger effort 
involving a simultaneous reintroduction in 
Idaho and a naturally colonized population 
in Montana. It was extremely successful; by 
2010, the Northern Rocky Mountain wolf 
population had expanded to 1651 individuals 
( 5). Individuals within this expanding popula-
tion vary substantially in body size, coat color, 
and other observable (phenotypic) traits. Coat 
color is particularly enigmatic; gray wolves 
in North America often have black coats, 
whereas in Eurasia black coats are rare, but 
the reason for this difference remains unclear 
( 6). These traits were recorded for over a 
decade (from 1998 to 2009) for each collared 
wolf and their offspring.

To explore the potential ecological and 
evolutionary responses of the gray wolves 

to environmental change, Coulson et al. fuse 
integral projection models (IPMs) with clas-
sical population genetics. Unlike their matrix 
model counterparts ( 7), IPMs describe the 
dynamics of populations with traits that vary 
continuously, such as body size ( 8), as well 
as discrete traits, such as coat color ( 9). Tra-
ditional IPMs track how the number of indi-
viduals with a particular body size changes 
due to births, deaths, and individual growth. 
The rules underlying these changes are deter-
mined by statistical relationships between the 
body size of individuals and their vital rates 
such as fecundity, survivorship, and growth.

In gray wolves, a change at a single loca-
tion on the genome—the K locus—deter-
mines coat color ( 10). To link evolution-
ary and ecological dynamics, Coulson et al. 
extend the IPM to account for this genetic 
difference between individuals. As a result, 
the statistical relationships between individ-
ual body size and vital rates become geno-

Mathematical Dances with Wolves

ECOLOGY

Sebastian J. Schreiber

Data and modeling of Yellowstone wolf 

populations illustrate the complex interrelated 

ecological and evolutionary responses to 

environmental change.

photon, it could have come 
from either of the diamond 
crystals in which one pho-
non was excited. The indis-
tinguishability of these two 
possibilities during detec-
tion means that the two dia-
mond samples coherently 
shared one phonon, which 
is the hallmark of a quan-
tum-entangled state.

The entanglement 
be tween the two diamond 
samples was confi rmed in 
experiments in which a second laser pulse 
de-excited the shared phonon and re-emitted 
a photon that was subsequently detected. By 
this method, Lee et al. demonstrate that the 
two diamonds share entanglement at a 98% 
confidence level. These results provide a 
striking example that entanglement is not par-
ticular to microscopic particles but can mani-
fest itself in the macroscopic world, where it 
could be used in future studies that make fun-
damental tests of quantum mechanics.

The demonstration of entanglement in 
macroscopic systems also has important 
implications for the ongoing efforts to realize 
quantum computation and communication. A 
full-size quantum computer eventually will 

need to be a macroscopic device in which 
entanglement is preserved and used over long 
times and distances. The lifetime of entangle-
ment in the experiment by Lee et al. is still too 
short for many quantum information applica-
tions, in part because of the room-temperature 
environment and the strong coupling of pho-
non modes in solids. However, the experiment 
emphasizes an important point, that ultrafast 
optical technology can alleviate the require-
ment on quantum coherence time. In future, 
with improvement of the ultrafast technology, 
or by using more isolated degrees of freedom 
in solids—such as as the nuclear spins ( 8) or 
the dopant rare-earth ions ( 9)—for quantum 
memory, many more quantum operations 

could be done within the coherence time of 
the solids, even at room temperature. 
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Making quantum connections. The method 
used by Lee et al. to generate entanglement 
between two macroscopic diamonds is illus-
trated. (A) A pumping laser pulse generates a 
correlated pair of a phonon inside the diamond 
as well as a scattered photon. (B) The scattered photons from two diamonds are brought together for interference and detection. 
When one photon is detected, the two diamonds coherently share a phonon. Thus, the quantum state created has the hallmarks 
of quantum entanglement.
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Interferometric	  Experiments	  

Lower	  bound:	  Collapse	  effec3ve	  at	  the	  macroscopic	  level	  
Graphene	  disk:	  N	  =	  1011	  amu,	  d	  =	  10-‐5	  m,	  T	  =	  10-‐2	  s	  	  

Molecular	  Interferometry	  
S.	  Eibenberger	  et	  al.	  PCCP	  15,	  14696	  (2013)	  
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Entangling	  Diamonds	  
K.	  C.	  Lee	  et	  al.,	  Science.	  334,	  1253	  (2011).	  	  
	  

	  
M	  =	  1016	  amu	  
d	  =	  10-‐11	  m	  
T	  =	  10-‐12	  s	  
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compounds show low inter-molecular binding and relatively
high vapor pressures.16,17 They possess strong intra-molecular
bonds and therefore sufficient thermal stability. In addition we
start with a porphyrin core which is compatible with the
required optical and electronic properties.18

In the past, monodisperse fluorous porphyrins were generated
by substituting the four para-fluorine substituents of the tetrakis-
pentafluorophenylporphyrin (TPPF20) by dendritically branched
fluorous moieties.9 Using this approach, molecules composed of
430 atoms were successfully synthesized and applied in quantum
interference experiments.19

With increasing complexity it becomes more challenging to
purify monodisperse particles in sufficient amounts. Here we profit
from the fact that our interferometer arrangement allows us to work
with compound mixtures since each molecule interferes only with
itself. By substituting some of the twenty fluorine atoms of TPPF20
with a branched, terminally perfluorinated alkylthiol (1), we obtain a
mixture of compounds with molecular masses that differ exactly by
an integer multiple of a particular value as a molecular library. The
molecular beam density is sufficiently low for the molecules not to
interact with each other and the individual library compounds can
be mass-specifically detected using a quadrupole mass spectrometer
(QMS Extrel, 16 000 amu).

Our synthetic approach is based on the fact that penta-
fluorophenyl moieties can be used to attach up to five poly-
fluoroalkyl substituents in nucleophilic aromatic substitution
reactions. Substitutions at TPPF20 with its 20 potentially reac-
tive fluorine substituents lead to a molecular library of deriva-
tives with a varying number of fluorous side chains.

Results and discussion

We used sodium hydride as a base, microwave radiation as a
heating source and diethylene glycol dimethyl ether (diglyme)
as fluorophilic solvent. TPPF20 and a large excess of thiol 1
(60 equivalents) and sodium hydride in diglyme were heated in
a sealed microwave vial to 220 1C for 5 minutes.† After aqueous
workup the resulting mixture was analyzed by MALDI-ToF mass

spectrometry (Fig. 1) and subsequently used in our quantum
interference experiments without further purification. We
found up to 15 substituted fluorous thiol chains reaching a
molecular weight well beyond 10 000 amu.

In order to study the delocalized quantum wave nature of
compounds in the fluorous library we utilize a Kapitza–Dirac–
Talbot–Lau interferometer (KDTLI), which has already proven
to be a viable tool with good mass scalability in earlier
studies.6,19 The interferometer is sketched in Fig. 2: a molecular
beam is created by thermal evaporation of the entire library in a
Knudsen cell. The mixture traverses three gratings G1, G2, and
G3, which all have the same period of d C 266 nm. The
molecules first pass the transmission grating G1, a SiNx mask
with a slit opening of s E 110 nm, where each molecule is
spatially confined to impose the required spatial coherence by
virtue of Heisenberg’s uncertainty principle.20 This is sufficient
for the emerging quantum wavelets to cover several nodes of
the optical phase grating G2, 10.5 cm further downstream. The
standing light wave G2 is produced by retro-reflection of a green
laser (lL = 532 nm) at a plane mirror.

When the molecular matter–wave traverses the standing
light wave, the dipole interaction between the electric field of
power P and the molecular optical polarizability aopt entails a

Fig. 1 Synthetic scheme and the MALDI-ToF mass spectrum of the fluorous
porphyrin library L. High-mass matter–wave experiments were performed with
component L12 of the library L. This structure is composed of 810 atoms and has
a nominal molecular weight of 10 123 amu.

† Synthetic protocol and analytical data of the porphyrin libraries L:
General remarks: all commercially available starting materials were of

reagent grade and used as received. Microwave reactions were carried out in
an Initiator 8 (400 W) obtained from Biotage. Glass coated magnetic stirring
bars were used during the reactions. The solvents for the extractions were of
technical grade and distilled prior to use. Matrix Assisted Laser Desorption
Ionization Time of Flight (MALDI-ToF) mass spectra were recorded on an
Applied Bio Systems Voyager-Det Pro mass spectrometer or a Bruker microflex
mass spectrometer. Significant signals are given in mass units per charge
(m/z) and the relative intensities are given in brackets. Porphyrin library L:
thiol 1 was synthesized in seven reaction steps in an overall yield of 70%
as reported elsewhere.9 5,10,15,20-Tetrakis(pentafluoro-phenyl)-porphyrin
(TPPF20, 4.0 mg, 4.10 mmol, 1.0 eq.), thiol 1 (193 mg, 246 mmol, 60 eq.)
and sodium hydride (60% dispersion in mineral oil, 14.8 mg, 369 mmol,
90 eq.) were added to diglyme (4 mL) in a microwave vial. The sealed tube
was heated under microwave irradiation to 220 1C for 5 minutes. After
cooling to room temperature the reaction mixture was quenched with water
and subsequently extracted with diethylether. The organic layer was washed
with brine and water, dried over sodium sulfate and evaporated to dryness.
The resulting product mixture (183 mg) was analyzed by MALDI-ToF mass
spectrometry. MS (MALDI-ToF, m/z): 12 403 (29%), 11 645 (52%), 10 884
(100%), 10 121 (78%), 9339 (15%), 8597 (7%).
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Non	  interferometric	  tests	  
The	  collapse	  induces	  a	  Brownian	  mo1on	  on	  the	  system	  

Charged	  free	  par1cle	  
	  
1.	  Quantum	  mechanics	  

	  

2.	  Collapse	  models	  

Spontaneous	  photon	  emission	  

Nano-‐par1cle	  
in	  a	  op1cal	  
cavity	  

	  

Extra	  shi>	  and	  broadening	  	  
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Non-‐Interferometric	  Experiments	  
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M	  =	  1030	  amu	  
T	  =	  ∞	  

X-‐Ray	  
C.	  Curceanu	  et	  al.,	  J.	  Adv.	  Phys.	  4,	  263	  
(2015).	  	  
	  

M	  =	  1	  Kg	  
T	  =	  days	  /	  months	  

Can1lever	  
A.	  Vinante	  et	  al.,	  Phys.	  Rev.	  Le_.	  116,	  
090402	  (2016)	  
	  

M	  =	  1014	  amu	  
T	  =	  ∞	  

Cold	  Atom	  Gas	  
M.	  Bilardello	  et	  al.,	  in	  prepara3on	  
	  	  

M	  =	  87	  amu	  
T	  =	  1	  s	  

Cold	  Atom	  Gas	  	  
F.	  Laloë	  et	  al.	  Phys.	  Rev.	  A	  90,	  052119	  
(2014)	  
	  

M	  =	  87	  amu	  
T	  =	  30	  s	  

A superconducting quantum interference device based read-out of a
subattonewton force sensor operating at millikelvin temperatures

O. Usenko, A. Vinante, G. Wijts, and T. H. Oosterkampa!

Leiden Institute of Physics, Leiden University, The Netherlands

!Received 4 January 2011; accepted 15 February 2011; published online 30 March 2011"

We present a scheme to measure the displacement of a nanomechanical resonator at cryogenic
temperature. The technique is based on the use of a superconducting quantum interference device
to detect the magnetic flux change induced by a magnetized particle attached on the end of the
resonator. Unlike conventional interferometric techniques, our detection scheme does not involve
direct power dissipation in the resonator, and therefore, is particularly suitable for ultralow
temperature applications. We demonstrate its potential by cooling an ultrasoft silicon cantilever to
a noise temperature of 25 mK, corresponding to a subattonewton thermal force noise of
0.5 aN /#Hz. © 2011 American Institute of Physics. $doi:10.1063/1.3570628%

Due to its excellent sensitivity, optical interferometry is
the most widely used technique to detect the motion of ul-
trasensitive mechanical resonators, for applications which
range from magnetic resonance force microscopy !MRFM",1
investigation of quantum effects in mechanical systems,2 and
fundamental physics experiments.3 Unfortunately, optical de-
tection becomes hard to implement when the size of the reso-
nator is pushed to the nanoscale, because of the diffraction
limit, and when low or ultralow temperatures are required to
reduce the thermal force noise, as for single spin MRFM. In
the latter case, resonator heating due to light absorption is
found to limit the effective cooling of the resonator.4 This
problem can be partially circumvented only by substantially
reducing the input light power, at the price of reducing the
displacement sensitivity. Other techniques have been re-
cently demonstrated to be more compatible with ultralow
temperatures. In particular, both single electron transistors5

and microwave cavities6–8 have demonstrated outstanding
displacement sensitivity for the detection of nanomechanical
resonators at temperatures below 100 mK. So far, however,
their implementation has been limited to systems where de-
tector and resonator are tightly integrated, which is not prac-
tical for scanning probe applications. Moreover, for micro-
wave techniques the direct photon absorption still remains an
issue at millikelvin temperatures, which again can only be
mitigated by reducing the input power. Displacement sensors
based on quantum point contacts have also been demon-
strated in an off-board setup9 but so far their use has been
limited to liquid helium temperature.

In this letter, we demonstrate a rather simple alternative
detection technique, based on the use of a dc superconduct-
ing quantum interference device !SQUID", which in prin-
ciple does not require any power to be directly dissipated in
the mechanical resonator. Our method involves attaching a
ferromagnetic particle to the end of the resonator $Fig. 1!a"%
which, whenever the resonator moves, causes a change in
magnetic flux in a superconducting detection coil, positioned
close to the resonator $Fig. 1!b"%. A cantilever displacement x
is thus converted into a coil flux !="x, where the constant "
is proportional to the magnetic moment # of the ferromag-

netic particle and depends in a complex way on the coil
geometry and the relative position and orientation of mag-
netic moment and coil. The flux change in the detection coil
is measured by the dc SQUID amplifier via a superconduct-
ing flux transformer of total inductance Lt, which includes a
calibration transformer and the SQUID input coil.

In our experiment, we use a silicon resonator consisting
of a 100 nm thick single crystal beam, 5 #m wide and

a"Electronic mail: usenko@physics.leidenuniv.nl.

FIG. 1. !a" An electron microscopy image of the silicon resonator with a
magnetic sphere attached to its end. The single crystal beam is 100 nm thick,
5 #m wide, and 100 nm long. The 4.5 #m diameter magnetic sphere is
made of a neodymium based alloy with remanence Br=0.75 T. The fre-
quency of the lowest flexural mode of the resonator is 3084 Hz, with a
quality factor of 3.8$104. !b" Circuit diagram illustrating the detection
scheme. The motion x of the resonator induces a flux !="x in the detection
coil and a current I=−! /Lt in the superconducting detection loop, which is
measured by the dc SQUID.
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